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Summary  
The environmental fate of chemicals is controlled by two main factors: the properties of 
the chemical and the characteristics of the environment. The classical box approach in 
multimedia mass balance models assumes that chemical properties largely determine the fate 
of substances in the environment, neglecting the potential role of the local environmental 
conditions. In this study, the relative influence of substance properties and of environmental 
characteristics on the variation in environmental concentrations of chemicals was estimated for 
nine different emission/receiving compartment scenarios and on three different spatial scales 
(50x50 km, 100x100 km, 250x250 km). Unit emissions were assumed. Depending on emission 
scenario, compartment and model resolutions, the range in predicted environmental 
concentrations spreads from 2 up to 10 orders of magnitude. The assumption that the variation 
in the fate of chemicals in the environment is, beside emission intensity, mainly dependent on 
substance properties, is correct. But from our study it appears that, regarding local emissions 
and concentrations, in some scenarios, environmental differences should not be ignored when 
estimating concentration variations. Particularly in the soil and water compartments, the spatial 
variation in environmental characteristics can have a substantial impact on the concentration 
variations.  
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1 Introduction  
The environmental fate of chemicals is controlled by two main factors: the properties of the 
chemical (e.g. vapor pressure, water solubility, degradation half-lives) and the characteristics 
of the environment (e.g. temperature, soil organic carbon content, OH-radical concentration). 
At equal release rates, concentrations may diverge for different chemicals and for different 
environments (1). Multimedia mass balance models (box models) are often used to predict the 
environmental fate of chemicals for regulatory purposes, e.g. in comparative risk assessments. 
The classical box model (2-3) approach implicitly assumes that chemical properties largely 
determine the fate of substances in the environment. In these models, chemical-to-chemical 
differences in model outcomes are met by the requirement of physico-chemical input data of 
the studied compounds. However, the possible role of the environmental characteristics are 
disregarded by limiting the analyses to modeling ‘typical’ or ‘average’ conditions only. By 
focusing strongly on the chemical properties, the possible importance of the environmental 
characteristics may be underestimated. Does it suffice for environmental risk assessments of 
chemicals to take account of the substance that is released, neglecting the potential role of the 
local environmental conditions? How well do we know the relative contribution of substance 
properties and environmental characteristics to the fate of chemicals?  
The traditional way to account for spatial variation in environmental characteristics is 
the use of spatially resolved models. In the last few years, many of such spatial multimedia 
models have been developed (e.g. IMPACT-2002 (4); Evn-BETR (5); BETR-Global (6); G-
CIEMS (7)). Unfortunately, spatially explicit model outputs can only be derived at the rate of 
an increased model complexity and input data demand, whereas ‘low-complexity’ and ‘easy-
to-use’ models are still desirable, particularly for screening assessments of large numbers of 
chemicals. 
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Both spatial and non-spatial multimedia fate models thus have their specific advantages and 
drawbacks, and the appropriate model to use depends on the specific purpose of the application 
under consideration (4, 8). Many modelers struggle with the question of how to handle spatial 
environmental differences in their modeling studies. However, to determine whether a spatially 
resolved model is necessary, one should have an idea of the spatial variation of the input data 
and of the influence of that spatial variation on the model results. Several authors have 
explored the influence of the spatial variation in single landscape characteristics on the fate of 
chemicals. Sweetman et al. (9), for example, examined the role of soil organic carbon in the 
global cycling of POPs, and Wania and McLachlan (10) estimated the influence of forest 
characteristics on the overall fate of semi-volatile organic chemicals. Furthermore, sensitivity 
analyses have been performed on both physico-chemical and landscape characteristics in 
multimedia mass balance models (11, 12). However, none of these studies have systematically 
addressed the relative importance of the spatial variation in the total set of environmental 
characteristics and the differences in substance properties. Furthermore, the spatial resolution 
of a model influences the spatial variation in both input data and modeling results. In the 
modeling studies mentioned above, only one spatial scale was considered. The influence of the 
choice of the modeling scale on the predicted spatial variation in concentrations has thus not 
been evaluated yet.  
The objective of this study is to systematically estimate the influence of the spatial 
variation in environmental characteristics in Europe on the variation in environmental 
concentrations of chemicals and to compare it with the variation caused by differences in 
chemical characteristics. The study was performed for 200 organic chemicals, covering the 
domain of plausible chemical properties, and for a set of 19 environmental parameters. 
Calculations were performed for three emission scenarios, i.e. towards the air, water and soil 
compartments, respectively. The results were analyzed for the receiving compartments air, 
 7 
water and soil. Emission intensities were assumed to be invariant for the purpose of this study. 
To check the influence of spatial resolution on the variability in concentrations, calculations 
were carried out for three spatial scales, i.e. 50x50 km, 100x100 km and 250x250 km. 
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2 Methods 
2.1 Model setup  
Concentration predictions were performed with a nested multimedia mass balance model, of 
which the local scale was parameterized successively for the different regions of Europe, each 
with its own characteristic set of environmental conditions. A nested model was used in order 
to include the exchange of chemicals between the local scale cell and the surrounding areas. To 
this end, a local scale cell was implemented in the generic level III multimedia mass balance 
model BasinBox (13), which is based on SimpleBox 3.0 (14). The default model settings were 
applied, except that the upstream, midstream and downstream areas were aggregated. The local 
scale cell consisted of an air, soil, water, sediment and vegetation compartment. Figure 1 
presents a schematic setup of the model study. 
To parameterize the local scale cells, a dataset was created containing realistic property 
combinations of 19 environmental parameters in Europe. The environmental parameters taken 
into account and their references are given in Table 1, and the histograms of the different 
parameter values are given in the Supporting Information. These parameters correspond to the 
input requirements for the spatially distributed GIS-based model MAPPE (15). They were 
collected from global or continental scale data sets available from different sources, or 
developed based on previous analyses (16, 17). Details about individual parameters were 
discussed in (17).  
Maps with single environmental properties were rasterized into grid cells within which 
the environmental property values were averaged. In order to study the influence of grid cell 
size on the predicted concentrations, grids of three different sizes were used: 50x50 km, 
100x100 km, 250x250 km. From the raster maps, a property-combination table was created, 
containing all environmental properties for each grid cell, and environmental concentrations 
were calculated for each cell with its own characteristic set of environmental properties. For 
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some parameters, the values were unknown for one or more cells. In those cases, the average 
parameter value of the other cells was applied. If more than one third of the parameter values 
for a cell was unknown, this cell was not taken into account in the calculations, since with so 
many averaged characteristics, the regional properties become too uncertain and are likely to 
represent an unrealistic situation. This was the case for 5% of the 250x250 km cells, 15% of 
the 100x100 km cells, and for 29% of the 50x50 km cells. With the exclusion of these cells, 
172, 910 and 3209 unique environmental property combinations were found for European 
regions with an area of 250x250, 100x100 and 50x50 km, respectively. 
Results were obtained for each individual local cell, for emissions to respectively air, soil and 
water with a unit emission, and relative concentrations were compared. Emission was assumed 
to take place to the local cell only. 
Table 1. Environmental parameters taken into account in the calculations.  
Environmental parameter Unit Reference
Surface water depth m (16)
Soil erosion intensity mm.y
-1
(30)
Evapo-transpiration intensity in mm.y
-1
(17)
Area fraction of pasture soil - (31)
Area fraction of cropland soil - (31)
Area fraction of natural soil - (31)
Area fraction of surface water - (16)
Atmospheric mixing height m (32)
Soil organic carbon content - (33)
OH-concentration in air molec.cm
-3
(32)
Precipitation intensity* mm.y
-1
(17, 34)
Soil moisture content - (17)
Suspended matter concentration in water mg.l
-1
(17)
Atmospheric temperature ºC (34)
Wind velocity at 10m m.s
-1
(34)
Aerosol deposition velocity m.s
-1
(17)
Leaf area index m
2.m-2 (17)
Aerosol surface** m
2.m-3 (36)
Water inflow in cell in m
3.s-1 (16)  
* A conversion was made from rainfall and snowfall intensity data to one value for precipitation. For this 
parameter, 10 mm of snowfall was set equivalent to 1 mm of rain. ** The aerosol surface was estimated from 
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PM10-concentrations. The average European PM10-concentration was set equal to the average aerosol surface 
default in BasinBox (1.5*10-4 m2.m-3; (37)) and the aerosol surfaces in the different grid cells were made 
proportional to that. 
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Figure 1. Schematic setup of the model study showing the different types of input 
parameters taken into account in the study. The gray block represents the local cell to which 
emissions take place and in which environmental concentrations are estimated. 
2.1 Chemical properties  
Calculations were performed for a group of 200 organic chemicals, showing a wide range in 
chemical partitioning properties and half-lives. The chemicals were randomly taken from a 
dataset of 356 chemicals of Huijbregts et al. (18). Due to the technical limitations of the 
spreadsheet model, we were not able to use this total dataset. The physico-chemical properties 
of the chemicals used in this study are given in Appendix 1 of the Supporting Information, and 
their air-water and soil-water partitioning properties are summarized in Figure 2.  
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Figure 2: Air-water and soil-water partitioning properties of the 200 organic compounds used 
for the model calculations. 
2.2 Model output and analysis  
Environmental concentrations were predicted in three compartments: air, water and soil. For 
each scenario, concentration ranges (CR) between the different compounds, defined as the ratio 
between the 95th and 5th concentration percentiles, were calculated for each grid cell separately. 
The concentration ranges between the grid cells were obtained for each individual compound. 
Additionally, the concentration range of the total set of concentrations was calculated per 
scenario (CRtotal). From this, the average concentration ranges caused by compound differences 
(CRchemical) and the average concentration ranges caused by environmental differences (CRarea) 
were derived. Their 95% confidence levels were also calculated. For each scenario, the CRs 
were plotted into separate graphs for the 50x50, 100x100 and 250x250 km spatial scales. From 
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these graphs, the relative influences of compound variability and environmental variability on 
the total variation in environmental concentrations were analyzed. 
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3 Results 
3.1 Air concentrations  
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Figure 3. The average concentration ranges (CR) and their 95% confidence levels for the 
environmental concentrations in the air compartment in Europe, for three different emission 
scenarios. Concentration ranges are given for the total concentration variation (CRtotal), the 
concentration variation caused by the variation in substance properties (CRchemical) and the 
concentration variation caused by differences in environmental characteristics (CRarea). 1a) 
Emission compartment: air, 1b) Emission compartment: soil, 1c) Emission compartment: 
water. 
 
Figure 3 shows that the CRtotal ranges from about 3 to 9 orders of magnitude in the air 
compartment, being smallest if emissions occur to air and largest if emissions occur to water. If 
emissions take place to air or soil, the CRtotal hardly varies with model resolution. If emissions 
occur to water, the CRtotal increases with a factor 10 between the 250x250 km and the 50x50 
km scale, which is mainly caused by an increasing CRarea. In all scenarios, on all spatial scales, 
the CRtotal is mainly caused by the variation in substance properties. In the air and the soil 
emission scenario, the CRchemical accounts for more than 98% of the CRtotal. In the water 
emission scenario, the variation in concentrations caused by differences between compounds is 
even several orders of magnitude larger than the variation caused by spatial environmental 
characteristics.  
The 95% confidence levels are relatively high for the CRarea in the emission scenario towards 
soil. This implies that for a small number of compounds, the variation between the different 
grid cells is relatively large. This phenomenon occurs strongest on the 50x50 km model 
resolution. 
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3.2 Soil concentrations  
Soil compartment
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Figure 4. The average concentration ranges (CR) and their 95% confidence levels for the 
environmental concentrations in the soil compartment in Europe, for three different emission 
scenarios. Concentration ranges are given for the total concentration variation (CRtotal), the 
concentration variation caused by the variation in substance properties (CRchemical) and the 
concentration variation caused by differences in environmental characteristics (CRarea). 1a) 
Emission compartment: air, 1b) Emission compartment: soil, 1c) Emission compartment: 
water. 
 
Figure 4 shows that the CRtotal ranges from about 800 to 1*108 in the soil compartment, being 
smallest if emissions occur towards soil and largest if emissions occur to water. If emissions 
take place to air, the CRtotal increases with model resolution from 2000 on the 250x250 km 
scale, to 3000 on the 50x50 km scale. In this emission scenario, the CRchemical is about a factor 
100-300 larger than the CRarea. The more detailed the model resolution, the stronger the 
relative influence of environmental characteristics. This is also the case, even more clearly, if 
emissions occur to soil. In this compartment CRchemical varies between a factor 400 to 500 
between the largest and the smallest model scale, while the CRarea shows an increase from 
about 20 at the 250x250 km scale to 200 at the 50x50 km scale. If emissions occur to water, the 
CRchemical also dominates the CRtotal; CRchemical in this scenario is always at least five orders of 
magnitude larger than CRarea. However, in this emission scenario, environmental conditions 
also result in concentration differences of more than a factor 600 on the 50x50 km scale. The 
95% confidence levels are relatively high for the CVarea on the 100x100 km and 50x50 km 
scales if emissions occur to water  
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3.3 Water concentrations  
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Figure 5. The average concentration ranges (CR) and their 95% confidence levels for the 
environmental concentrations in the water compartment in Europe, for three different emission 
scenarios. Concentration ranges are given for the total concentration variation (CRtotal), the 
concentration variation caused by the variation in substance properties (CRchemical) and the 
concentration variation caused by differences in environmental characteristics (CRarea). 1a) 
Emission compartment: air, 1b) Emission compartment: soil, 1c) Emission compartment: 
water. 
 
Figure 5 shows that the CRtotal ranges from about 120 to 5*104 in the water compartment, being 
smallest if emissions occur to water and largest if emissions occur to soil. If emissions take 
place to air, the CRtotal increases with a factor 3.5 between the 250x250 km and 50x50 km 
scale, from 8*103 to 3*104. In this scenario, CRarea has at maximum (on the 50x50 km scale) a 
value of 135. The CRchemical is always at least 100 times larger than the CRarea. In case of 
emissions to soil, with respect to the other emission scenarios, the CRarea is relatively large 
compared to CRchemical, and on a more detailed resolution, this relative importance increases. 
The CRtotal increases with a factor of 2.6 from the 250x250 km scale to the 100x100 km scale, 
while on the 50x50 km scale, the CRtotal is a factor of 1.6 larger than on the 100x100 km scale. 
CRarea almost fully accounts for this increase, since this factor increases with a factor 11 
between the 250x250 km and 50x50 km scales. In this scenario, CRarea is at maximum a factor 
280. For water emissions, the CRchemical is respectively 7.7, 2.2, and 1.7 times larger on the 
250x250 km, 100x100 km and 50x50 km scales compared to the CRarea, so the relative 
influence of CRarea on the total variation in concentrations is large with respect to the other 
scenarios. Values for the CRtotal range from 118 to 400.  
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4 Discussion 
Environmental concentration variations  
The results of this study show the relative influence of substance properties and of 
environmental characteristics on the variation in environmental concentrations of chemicals for 
different scenarios and on different spatial scales. In the present study, emissions were assumed 
to take place to the local cell only, and only local environmental concentrations were 
considered. The influence of the local emissions on the area outside the cell, and the influence 
of regional emissions on the local cell have not been studied. Furthermore, unit emissions were 
assumed. Within the framework of the current modeling setup, only concentration variations in 
the local cell were considered.  
In general, concentration differences are predicted to be larger if a smaller local scale is 
applied in the model calculations, and the relative influence of environmental characteristics on 
the total variation increases on a more detailed spatial scale. The environmental concentration 
variations predicted on a 50x50 km scale can be up to a factor 5 larger than the spatial 
variations on a 250x250 km scale. The relative importance of the variation in substance 
properties compared to the variation in environmental characteristics generally increases with 
increasing model resolution. At maximum, the concentration range between the different areas 
differs a factor 14 between the 250x250 and 50x50 km scale. This can be explained by the fact 
that at a coarser spatial resolution, the spatial variation in environmental characteristics is 
partly lost due to the averaging of environmental parameters over a larger area. From these 
results, it can be concluded that the model resolution can have an impact on the environmental 
concentration variations that are derived from box model calculations, particularly in the soil 
and water compartments. Hertwich and McKone (20) did not find any effect of (pollutant-
specific) spatial scales on the potential dose of chemicals. On the contrary, other studies from 
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related branches of environmental modeling show that the model resolution significantly 
impacts the variability in model output. Zoras et al. (21) concluded that in meteorological 
models, the model resolution significantly impacts the variability of model output. In 
hydrological modeling, several studies have been carried out exploring the appropriate input 
data resolution of the models (22-24). For crop growth monitoring systems, a grid size of 
50x50 km was mentioned as an appropriate resolution (25), while in ocean modeling, a 
resolution of 0.5º or 0.25º is critically important for a realistic simulation of saline water flows 
from the Atlantic to the Arctic regions (26). From our study, it can be concluded that for the air 
compartment, the differences in the spatial variations are negligible between the 250x250 km 
and 50x50 km scales when unit emissions are assumed. This means that for the current model 
setting, little additional information is derived for air from models with a resolution finer than 
250x250 km. In the soil and water compartments, the spatial variation increases between the 
100x100 and 50x50 km scales, implying that the choice of model resolution can influence the 
predictions for these compartments in multimedia mass balance models. 
It is also found that, except in the air compartment, the CRarea is always larger in the 
primary compartments, to which the emission occurs, meaning that environmental 
characteristics are more dominant in the primary compartments. Transport processes from the 
emission compartment towards the other compartments are mainly driven by the physical-
chemical properties of the compound, and therefore concentration differences in the secondary 
and tertiary compartments are mainly caused by substance differences. Only when air is the 
primary compartment, the environmental characteristics are less influential due to the mobility 
of this medium and its rapid mixing. Spatial environmental differences are being undone in that 
case. 
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Air concentrations  
In all scenarios in which concentrations in air were considered, substance properties account 
almost fully for the variation in environmental concentrations. Predicted concentration ranges 
in the air are largest if emissions occur to water, due to large differences in the volatilization 
rates of the different compounds. The absolute concentrations in the air in this scenario are low 
to extremely low, implying that only a very small fraction of the emitted substance leaves the 
water compartment. Since volatilization rates are also partly determined by environmental 
circumstances, like wind speed, air temperature and suspended matter concentrations, this also 
results in a somewhat larger impact of environmental characteristics on the total concentration 
variation than in the air emission scenario.  
Another phenomenon in the air compartment is that the 95% confidence levels are 
relatively high for the CRarea in the soil emission scenario, particularly on the 50x50 km scale. 
This means that for a small number of compounds, the concentration variation in the air 
between the different grid cells is relatively large. This is the case for those chemicals for 
which deposition and/or revolatilization are relatively important transport processes. The 
spatial variation in deposition is large, for example, for chemicals with a low Henry’s law 
constant, due to differences in precipitation intensity throughout Europe. These outcomes are 
in accordance with those of Hertwich and McKone (20), who found that the characteristic 
travel distance of these chemicals is predicted substantially different in model situations with 
and without rain. One should take into account that continuous rain is assumed in our level III 
model study, which may cause an overestimation of the substance removal from the 
atmosphere through wet deposition (27). 
Soil concentrations  
In the soil compartment, environmental characteristics play a more important role in 
determining chemical fate with respect to substance properties than in the air compartment, 
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particularly if emissions occur to soil. In that case, the variation in environmental 
characteristics such as the organic carbon content of soils, which can be the main factor 
according to Hertwich et al. (11), soil moisture content, and erosion intensity, notably 
influences the variation in environmental concentrations. Due to the relatively large importance 
of the variation in environmental characteristics, total concentration variations increase with 
increasing model resolution in this scenario. Total concentration ranges in the soil 
compartment are largest if emissions occur to water. In that scenario, processes in the air, water 
and soil compartment play a role, since the only transport route of chemicals from water to soil 
is via the air. This means that almost all physico-chemical properties and environmental 
characteristics are involved in the fate calculations, resulting in a wide spread of predicted 
concentrations. Moreover, from the air concentration scenario with emissions to water had 
already become clear that the different compounds show a wide range in volatilization 
intensities from water, which is also reflected in the predicted soil concentrations if emissions 
go to water. 
Water concentrations 
In the water compartment, both substance properties and environmental parameters 
play a role, with the largest relative influence of the environmental characteristics in the water 
emission scenario. In this scenario, a large fraction of the emitted substance stays in the water 
compartment, which means that the fate of chemicals is dominated by the emission-intensity. 
At unit emissions, no large differences in concentrations appear between different compounds. 
In this scenario, the combination of the parameters ‘area fraction of water’, ‘water depth’ and 
‘water inflow into the grid cell’ substantially determines the spatial variation in environmental 
concentrations. These three parameters account for the retention time of water in a cell, and 
their spatial variation on the 250x250 km is much smaller than on the 100x100 and 50x50 km 
scales, due to the averaging of these parameters. These results, indicating that differences in 
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environmental characteristics may have a substantial impact on the water concentrations, is in 
line with the one drawn by Pennington et al. (4), who argued that when predicting 
concentrations with a non-spatial multimedia fate model, it is necessary to take into account 
spatial differences in residence times in the water compartment, such as large lakes. When 
emissions occur to soil, the main transport route of chemicals to water is by runoff. In this 
process, both differences in substance properties (soil and pore water concentrations) and 
environmental characteristics (runoff intensities, soil and pore water concentrations, water 
characteristics) are of influence, resulting in relatively large concentration ranges. The 
transport route from soil to water via volatilization and atmospheric deposition is of marginal 
importance. 
Model study setup  
For this study, we created a European dataset containing as much environmental characteristics 
as were available at the time, but unfortunately, it was not possible to get spatial information 
on all environmental parameters that are input in multimedia fate models. Parameter values 
that were lacking were, for example, the porosity of soils and the fraction of soil water leaching 
to deeper ground water layers. However, according to Hertwich et al. (11), the parameters that 
are considered to be the most influential on the predicted concentrations, which are the organic 
carbon content of soils, the fraction suspended solids in surface water and the fraction of land 
area in a grid cell, were readily taken up in our dataset.  
It is worth stressing that our study only refers to the variability in chemical and 
environmental properties; in many modeling applications, the influence of the spatial 
distribution and the absolute intensity of emissions can overweight the influence of both 
environmental characteristics and substance properties on the concentration variations (4, 28).  
In most multimedia fate models, it is assumed that chemical properties primarily 
account for the variation in environmental concentrations. This assumption was already 
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nuanced by Webster et al. (29), who concluded that the quality of results obtained from 
regional environmental fate models can be improved by the use of region-specific landscape 
parameters. Hertwich et al. (11) performed a sensitivity study on the variance in the potential 
dose to physico-chemical properties, exposure parameters, and environmental input 
parameters. From that study it was concluded that for most compounds, physico-chemical 
properties or exposure parameters largely account for the concentration variance. Consistently 
with the findings of Hertwich et al. (11), Fenner et al. (29a) concluded that the ranking of 
chemicals based on their overall persistency (Pov) and long range transport potential (LRTP) is 
largely determined by the chemical properties. For compounds that are mainly present in the 
air compartment, our results are most similar to the ones of Hertwich et al. (11). For 
compounds that reside in the soil and water compartments, the present study shows that also 
environmental parameters can play a substantial role in the total concentration range, although 
chemical properties still account for the largest part of the concentration variation. In contrast 
to Hertwich et al., we did not consider each of the input parameters individually, but looked at 
the total set of environmental parameters in comparison with the total set of physico-chemical 
input parameters. Single environmental properties may have a relatively small impact on the 
variation in environmental concentrations, but from our study it appears that the complete set 
of environmental properties in some cases can have a substantial impact on the variation in 
environmental concentrations. 
Implications for multimedia fate model studies  
In this paper, a systematic insight was obtained in the relative influence of environmental 
characteristics and substance properties on the concentration variations of substances. The 
results of this study can provide information for which emission-receiving compartment 
scenarios, incorporating spatial differences in environmental parameters can be important. 
Depending on emission scenario, compartment and model resolutions, the range in predicted 
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environmental concentrations spreads from 2 up to 10 orders of magnitude. The assumption 
that the variation in the fate of chemicals in the environment is, beside emission intensity, 
mainly dependent on substance properties, is correct. But from our study it appears that, 
regarding local emissions and concentrations, in some scenarios, environmental differences 
should not be ignored when estimating concentration variations. Particularly in the soil and 
water compartments, the spatial variation in environmental characteristics can have a 
substantial impact on the concentration variations. In the air compartment, the influence of 
environmental characteristics may be ignored when unit emissions are assumed. 
The results of this study also indicate the influence of model resolution on the spatial 
differences in concentrations. The averaging of environmental parameters over a larger area 
results in a more even concentration distribution across Europe. In environmental fate studies, 
the choice of model resolution can therefore have a slight influence on the information that is 
derived from the calculations. Particularly for soil and water concentrations, a resolution of 
50x50 km provides more information on the concentration variations compared to larger 
scales. When one is interested in environmental concentration ranges occurring in an area, one 
should carefully choose an appropriate model resolution.  
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